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To establish whether a quantitative relation exists between peri· 
cardial pressure and respiratory variation in intracardiac blood 
flow velocities, a spontaneously breathing closed chest canine 
model of pericardial tamponade was created. In seven dogs, 
pericardial pressure was sequentially increased in stages. from a 
mean of -4 ± 1 to 10 ± 2 mm Hg while aortic and pulmonary 
Doppler flow velocities, pleural pressure changes (respiratory 
effort), blood pressure and cardiac output were measured. 
The variation in the Doppler·detected peak transaortic velocity 
(A V) during inspiration (IV) increased linearly from -5 ± 3% at 
baseline (pericardial pressure -4 mm Hg) to -32 ± 9% at a 
pericardial pressure of 10 mm Hg [IV AV = -2 (pericardial 
pressure) - 13.1; r = 0.78, P < 10-6]. The inspiratory variation 
One of the first and most widespread applications of echo· 
cardiography was to detect and characterize pericardial 
effusion (1-3). It has also been demonstrated in both exper-
imental and clinical settings (4-8) that echocardiographic 
findings such as diastolic inversion of the right ventricular 
free wall and right atrial compression are associated with 
elevated intrapericardial pressures and clinical cardiac tam-
ponade. However, their significance in the absence of overt 
clinical tamponade is unclear. 
More recently, Doppler echocardiography has been 
shown (9-11) to detect exaggerations in respiratory fluctua-
tions of intracardiac flow that occur in the setting of cardiac 
tamponade and underlie the clinical hallmark of this condi-
tion, the pulsus paradoxus. Utilizing invasive measures of 
blood flow, a relation between intrapericardial pressure and 
inspiratory changes in left ventricular stroke volume has 
been suggested (12). The relation between noninvasive Dopp-
ler ultrasound variables and the elevation of intrapericardial 
pressure has not been established. The purpose of this study 
From the Cardiac Unit. Massachusetts General Hospital and Harvard 
Medical School. Boston, Massachusetts. Dr. Picard was supported by Grant 
HL-07535 from the National Institutes of Health, Bethesda, Maryland. Dr. 
Sanfilippo was supported by the R. Samuel McLaughlin Foundation of 
Canada. This study was presented in part at the 39th Annual Meeting of the 
American College of Cardiology, New Orleans. Louisiana, March 1990. 
Manuscript received October 3. 1990; revised manuscript received De-
cember 11, 1990, accepted January 22. 1991. 
Address for reprints; Michael H. Picard, MD, Cardiac Ultrasound Labo-
ratory, Phillips 8, Massachusetts General Hospital, Boston, Massachusetts 
02114. 
© 1991 by the American College of Cardiology 
in the peak transpulmonary velocity increased from 13 ± 3% at 
baseline to 71 ± 19% at a pericardial pressure of 10 mm Hg. The 
inspiratory variation in the pulmonary Doppler peak velocity 
(IV pv) was dependent on both pericardial pressure and degree of 
respiratory effort [IVpv = 3.8 (pericardial pressure) + 2.6 
(respiratory effort) + 10.9; r = 0.88, p < 10-8]. 
Thus, quantitative relations exist between increases in intra· 
pericardial pressure and increases in inspiratory variation of peak 
aortic and pulmonary flow velocities. Additionally, pulmonary 
artery flow velocity is influenced more than aortic velocity by 
intrathoracic pressure. 
(J Am Coil CardioI1991;18:234-42) 
was to determine whether a quantitative relation exists 
between the degree of respiratory variation in intracardiac 
flow velocity and the intrapericardial pressure. 
Methods 
Study dogs. Seven mongrel dogs of either gender (mean 
weight 18.8 kg) were used in this study. The study was 
approved by the Massachusetts General Hospital Research 
Subcommittee on Animal Care and all dogs were maintained 
in accordance with its guidelines for humane treatment of 
laboratory animals. 
Experimental preparation. The seven dogs were anesthe-
tized with either pentobarbital (30 to 50 mg/kg body weight) 
or alpha-chlolarose (70 to 100 mg/kg), intubated and venti-
lated with a Harvard respirator. A midline epigastric incision 
was performed, through which the undersurface of the 
central tendon of the diaphragm was identified and then 
incised to expose the parietal pericardium. The pericardium 
was elevated and incised and a 5F catheter with side holes 
for infusion and an end hole for pressure measurement was 
advanced into the pericardial space. The pericardium was 
sealed around the catheter and the diaphragm resewn. A 
micro manometer-tipped catheter (Millar Instruments) was 
advanced into the left pleural space through an introducer 
sheath to monitor both the phases of respiration and intra-
pleural pressure. Any residual pneumothorax resulting from 
the surgical preparation was evacuated through the side port 
of the sheath. A second micromanometer-tipped catheter 
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Figure 1. Diagram of canine model developed for this study. Cath-
eters were introduced into the pericardial and pleural spaces from a 
sUbdiaphragmatic approach. A balloon-tipped flow-directed catheter 
was positioned in the pulmonary artery (PA) from a femoral vein. A 
left ventricular (LV) catheter was positioned by a retrograde ap-
proach. All imaging and Doppler interrogation were performed by 
transducers in the SUbdiaphragmatic position. Ao = aorta; RV = 
right ventricle. 
was passed retrograde into the left ventricle from the left 
carotid artery. Systemic blood pressure was measured with 
use of a fluid-filled catheter in the femoral artery. A Swan-
Ganz catheter was positioned in the pulmonary artery from 
the femoral vein. A second fluid-filled catheter was passed 
into the right ventricle from a brachial vein (Fig. 1). Lead II 
of the electrocardiogram (ECG) and pleural, femoral artery, 
left ventricular, pulmonary artery, right ventricular, right 
atrial and pericardial pressures were continuously recorded 
on a Hewlett-Packard 7700 polygraph. Cardiac output was 
measured at each stage of the experiment by the thermodi-
lution technique. 
After the experimental preparation was completed, the 
level of pentobarbital and alpha-chlolarose was adjusted so 
that a plane of anesthesia was achieved in which the dog was 
anesthetized but spontaneously breathing. The respirator 
was then removed, and the experiment was conducted 
during spontaneous respiration. Throughout the experiment, 
while the dogs breathed spontaneously, arterial blood gases 
were monitored to confirm that adequate ventilation was 
maintained. 
Echocardiography. After the surgical preparation was 
completed, echocardiographic imaging and Doppler ultra-
sound examination (pulsed wave and color flow mapping) 
were performed to ensure that ventricular function was 
normal and that significant valvular regurgitation was ab-
sent. Echocardiographic imaging and Doppler flow interro-
gation were performed from the subdiaphragmatic position 
using a Hewlett-Packard 77020A echocardiograph and a 
5 MHz transducer. Pulsed wave Doppler velocities were 
recorded simultaneously with the EeG and pleural pressure 
and displayed at speeds of 50 and 100 mm/s. 
Experimental protocol. Each experiment was carried out 
in four stages. In the control state (stage 1), transaortic and 
transpulmonary flow velocities were recorded with the sam-
ple volume at the annular plane. In the second stage, 
sufficient warm saline solution was instilled into the pericar-
dial space to elevate mean intrapericardial pressure to 
o mm Hg and maintain it at that level. Five minutes was 
allowed to elapse for equilibration and then Doppler sam-
pling was carried out. This procedure was repeated after the 
mean intrapericardial pressure was elevated to 5 mm Hg 
(stage 3) and 10 mm Hg (stage 4). Doppler velocities were 
sampled during sufficient respiratory cycles to ensure that 
representative intracardiac velocities were recorded during 
inspiration, peak inspiration, expiration and apnea. 
Data analysis. To assess the changes in velocity occur-
ring from apnea to peak inspiration as determined by pleural 
pressure, measurements of peak velocity were made of the 
last velocity profile before inspiration (apnea or preinspira-
tion) and the profile during inspiration displaying the greatest 
change from this baseline value. Inspiratory variability (IV) 
in Doppler velocity was calculated as the difference (positive 
or negative) between the peak velocity of the baseline profile 
(PkVelapnea) and that of the inspiratory profile with the 
greatest change (Pk V elm;p) and expressed as a percent of the 
pre inspiratory velocity: IV = [(PkVelinsp - PkVelapnea)/ 
PkVelapnea] x 100. Five respiratory cycles were analyzed at 
each stage and the mean inspiratory variability for aortic and 
pulmonary valve velocities was calculated. 
Respiratory effort was measured at each stage of the 
experiment as the difference between the preinspiratory 
pleural pressure and pleural pressure at peak inspiration. 
Statistical analysis. All data are expressed as mean values 
± 1 SD. The mean values of hemodynamic and Doppler 
variables at increasing pericardial pressures were compared 
with baseline values by multivariate analysis of variance 
(13). To determine whether the controlled variable (that is, 
pericardial pressure) or outcome variables more closely 
predicted the changes in Doppler velocity, a linear fit for 
multivariate data was performed using stepwise regression 
(14). 
Results 
Hemodynamic and Doppler data (Table 1). At baseline 
(stage 1), the mean intrapericardial pressure was -4 ± 
1.3 mm Hg in the seven dogs. The mean peak systolic 
arterial pressure was 138 ± 18 mm Hg, with a mean 
inspiratory decline of 4 mm Hg. Respiratory effort at base-
line study was 4 ± 2 mm Hg. By Doppler ultrasound, the 
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Table 1. Measurements in Seven Dogs 
Oog 
PP 
(mmHg) 
BP 
(mmHg) 
PuIsP 
(mmHg) 
CO 
(liters/min) 
AV pee 
(m/s) 
IVAv 
(o/c) 
PVpre 
(mis) 
Resp 
(mmHg) 
Stage I (Baseline) 
I 
2 
3 
4 
5 
6 
7 
Mean 
SO 
-3 
-4 
-3 
-6 
-5 
-3 
-2 
-4 
1.3 
129 
130 
140 
120 
145 
175 
130 
138 
18 
2 
4 
8 
4 
5 
5 
o 
4 
3.49 
3.08 
3.08 
3030 
1.76 
3.41 
3.45 
3.0 
0.6 
0.90 
0.90 
0.86 
1.02 
0.83 
0.66 
0.98 
0.88 
0.11 
-4 
-6 
-7 
-6 
-8 
-0 
-6 
-5 
0.59 
0.62 
0.42 
0.40 
0.46 
0.43 
0.66 
0.51 
0.11 
24 
10 
7 
18 
4 
10 
18 
13 
7 
5 
6 
3 
3 
7 
4 
2 
Stage 2 
I 
2 
3 
4 
5 
6 
7 
Mean 
SO 
o 
o 
o 
o 
o 
o 
o 
o 
108 
137 
160 
140 
145 
187 
135 
144 
24 
15 
8 
7 
5 
12 
o 
7 
5 
2.39 
2.76 
2.8 
2.71 
203 
3.84 
2.73 
2.8 
0.5 
l.l2 
1.15 
1.20 
1.03 
0.84 
0.79 
0.81 
0.99 
0.17 
-12 
-23 
-15 
-21 
-10 
-10 
-5 
-14 
3 
0.56 
0.92 
0.81 
0.52 
0030 
0.41 
0.74 
0.60 
0.22 
14 
20 
15 
16 
9 
21 
II 
15 
4 
5 
5 
3 
5 
3 
3 
9 
5 
2 
Stage 3 
2 
3 
4 
5 
6 
7 
Mean 
SO 
5 
5 
5 
5 
5 
4 
5 
5 
0.4 
104 
160 
95 
90 
130 
95 
135 
115 
26 
12 
10 
15 
15 
15 
15 
25 
15 
5 
2.47 
1.9 
1.8 
2.71 
1.36 
1.3 
1.81 
1.9 
0.5 
0.94 
0.70 
0.58 
0.74 
0.76 
0.73 
0.83 
0.75 
0.11 
-19 
-25 
-18 
-22 
-35 
-18 
-21 
-22 
6 
0.43 
0.47 
0.44 
0.52 
0030 
0.49 
0.46 
0.44 
0.07 
65 
113 
59 
47 
66 
29 
28 
58 
28 
8 
27 
6 
5 
3 
4 
14 
10 
8 
Stage 4 
2 
3 
4 
5 
6 
7 
Mean 
SO 
12 
8 
7 
8 
8 
10 
13 
9.4 
2.3 
65 
77 
75 
50 
50 
85 
70 
67 
13 
10 
10 
5 
12 
5 
16 
10 
10 
4 
0.51 
0.57 
0.57 
0.67 
0.24 
0.67 
0.67 
0.6 
0.2 
0.70 
0.59 
0036 
0.78 
0.51 
0.52 
0.36 
0.55 
0.16 
-43 
-28 
-25 
-39 
-39 
-33 
-16 
-32 
9 
0.51 
0.27 
0037 
0.51 
0.25 
0.40 
0035 
0.38 
0.1 
86 
70 
103 
53 
73 
69 
45 
71 
19 
14 
15 
12 
6 
7 
5 
6 
9 
4 
AVpre = preinspiratory (apnea) transaortic peak velocity; BP = systolic arterial pressure; CO = cardIac output; IV AV = inspiratory variation (aortic valve); 
IV PA = inspiratory variation (pulmonary valve); PP = mean pericardial pressure; PulsP = pulsus paradoxus; PV pre = preinspiratory transpulmonary (apnea) peak 
velocity; Resp = respiratory effort. 
mean preinspiratory peak aortic flow velocity was 0.88 ± 
0.11 mIs, with a mean decline during inspiration of 5 ± 3%. 
The mean preinspiratory peak pulmonary flow velocity was 
0.51 ± 0.11 mIs, with a mean increase during inspiration of 
13 ± 7%. 
The instantaneous changes in the Doppler velocities with 
increasing pericardial pressure are illustrated for two dogs in 
Figures 2 and 3. Figure 2 displays Doppler tracings from the 
pulmonary valve of one dog at three stages of the experi-
ment. As pericardial pressure increased from - 3 to 
11 mm Hg, cardiac output decreased from 3.5 to 0.7 litersl 
min and the inspiratory variation increased from 9% to 58%. 
In the second dog (Fig. 3), as pericardial pressure increased 
from -4 to 8 mm Hg, cardiac output decreased from 3.4 to 
0.7 liters/min and inspiratory variation across the aortic 
valve increased from -5% to - 36%. 
Figure 4 displays the mean pericardial pressure, cardiac 
output, peak arterial systolic pressure, pulsus paradoxus, 
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respiratory effort and inspiratory variation in Doppler peak 
velocity at each stage of the experiment. As pericardial 
pressure was increased, cardiac output and peak systolic 
arterial pressure decreased. These changes in hemodynam-
ics were associated with increases in the inspiratory variabil-
ity of both aortic and pulmonary flow velocities. 
At stage 2 when the mean pericardial pressure was 0 mm 
Hg, there was no significant change in cardiac output, blood 
pressure, pulsus paradoxus or respiratory effort compared 
with stage 1. The inspiratory variation in the pulmonary 
valve flow velocity was also unchanged. A significant in-
crease in the aortic valve inspiratory variation was observed 
from -5 ± 3% at a pericardial pressure of -4 mm Hg and to 
-14 ± 3% at a pericardial pressure of 0 mm Hg (p < 0.05). 
Stage 3 (pericardial pressure 5 mm Hg) was associated 
with a mean arterial systolic pressure of 115 ± 26 mm Hg 
Figure 2. Pulmonary flow velocity as a function of peri-
cardial pressure. Each panel displays a pulsed wave 
pulmonary flow velocity recording along with the electro-
cardiogram and intrapleural pressure (respiration) tracing. 
The onset of inspiration is noted by the onset of the 
decrease in intrapleural pressure. A, At a pericardial 
pressure (PP) of - 3 mm Hg and cardiac output (CO) of3.5 
liters/min. inspiratory variation (IV) was 9%. B, At a 
pericardial pressure of 5 mm Hg and cardiac output of 1.8 
liters/min. inspiratory variation was 26%. C, At a pericar-
dial pressure of II mm Hg and cardiac output of 0.7 
liter/min. inspiratory variation was 58%. 
(p = NS compared with baseline), a pulsus paradoxus of 
15 mm Hg (p < 0.005 compared with baseline), a mean 
cardiac output of 1.9 ± 0.5 liters/min (p < 0.005 compared 
with baseline), respiratory effort of 10 ± 8 mm Hg (p = NS 
compared with baseline), mean pulmonary peak velocity 
inspiratory variation of 58 ± 28% (p < 0.01 compared with 
baseline) and mean aortic peak velocity inspiratory variation 
of - 22 ± 6% (p < 0.0001 compared with baseline). 
Stage 4 (pericardial pressure 10 mm Hg) was associated 
with a mean systolic arterial pressure of 67 ± 13 mm Hg 
(p < 0.0001 compared with baseline), a mean cardi;;tc output 
of 0.6 ± 0.2 liters/min (p < 0.0001 compared with baseline) 
and a mean respiratory effort of 9 ± 4 mm Hg (p < 0.05 
compared with baseline). The pericardial pressure elevation 
to 10 mm Hg at this stage was also associated with a mean 
inspiratory variation of the peak aortic velocity of - 32 ± 9% 
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(p < 0.0005 compared with baseline) and peak pulmonary 
flow velocity of 71 ± 19% (p < 0.0005 compared with 
baseline). 
Relation of inspiratory variation to pericardial and intra-
pleural pressure (Fig. 5 and 6). The Doppler-detected in-
spiratory variation of both pulmonary and aortic flow veloc-
ities exhibited linear relations with the pericardial pressure 
(Fig. 4). The slopes of these quantitative relations between 
the intrapericardial pressure and the respective inspiratory 
variations, however, differed (-2.0 ± OJ vs. 4.7 ± 0.7, p < 
0.0001). This difference suggested that other factors might 
influence the inspiratory variation of pulmonary flow veloc-
ity to a different degree than they influenced the inspiratory 
variation of aortic flow velocity. To determine if other 
variables in addition to intrapericardial pressure (cardiac 
output, heart rate, aortic pressure, respiratory rate, respira-
tory effort) significantly influenced the inspiratory variation 
' ·f .. 
Figure 3. Aortic flow velocity as a function of peri-
cardial pressure. Each panel displays a pulsed wave 
aortic flow velocity recording along with the electro-
cardiogram and intrapleural pressure (respiration). 
Onset of inspiration is noted by the onset of the 
decrease in the intrapleural pressure. A, At a peri-
cardial pressure (PP) of -6 mm Hg and cardiac 
output (CO) of 3.4 liters/min, inspiratory variation 
(IV) was -5%. B, At a pericardial pressure of 
o mm Hg, and cardiac output of 2.8 liters/min, 
inspiratory variation was -14%. C, At a pericardial 
pressure of 8 mm Hg and cardiac output of 0.7 
liter/min, inspiratory variation was -36% . 
in pulmonary (IV pv) and aortic peak velocity (IV A v), mul-
tiple stepwise regression was performed. The aortic inspira-
tory variation was predicted solely by the pericardial pres-
sure (IV AV = -2 (pericardial pressure) - 13.1; r = 0.78, p < 
10-6) (Fig. 5). When changes in pulmonary inspiratory 
variation (lVpv) were examined, the most important factor 
was pericardial pressure. In addition, the respiratory effort 
as measured by the absolute change in intrapleural pressure 
during inspiration had a significant effect (IV PV = 3.8 (peri-
cardial pressure) + 2.6 (respiratory effort) + 10.9; r = 0.88, 
p < 10- 8) (Fig. 6). 
Discussion 
With the advent of Doppler ultrasound, noninvasive in 
vivo examination of the dynamics of intracardiac flow asso-
ciated with pericardial effusion and during tamponade has 
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Figure 4. Graphs of hemodynamic and Doppler data at each stage of 
the experiment. Stage I = baseline pericardial pressure; stage 2 = 
pericardial pressure of 0 mm Hg; stage 3 = pericardial pressure of 
5 mm Hg; stage 4 = pericardial pressure of 10 mm Hg. 
become possible. This study establishes a quantitative rela-
tion between pericardial pressure and the degree of respira-
tory variation in the velocity of both transaortic and pUlmo-
nary blood flow. In addition, we demonstrated that the 
relation between pericardial pressure and inspiratory varia-
tion of pulmonary artery flow velocity is sensitive to the 
respiratory effort. 
Comparison with previous studies. The degrees of respi-
ratory variation in semilunar valve blood flow velocity at 
baseline and during tamponade reported in this study are of 
comparable magnitude with those previously described ex-
perimentally (9) and mirror those observed in clinical studies 
(10,11). In the initial experiments by Pandian et al. (9), 
increased variations in velocity were reported only during 
fully developed tamponade. In that model, the absolute 
pericardial pressure was not controlled and the inspiratory 
velocity was compared with expiratory velocity rather than 
the velocity during apnea. Although the Doppler-detected 
changes in velocity are similar in both studies, the quantita-
tive relation of pericardial pressure and intrapleural pressure 
are established in our study. 
Other investigators (10,11) reported greater respiratory 
variations in transvalvular velocity in patients with cardiac 
tamponade than in normal subjects. In one of these studies 
(10)' the exaggerated respiratory variations were not only 
more marked for right than for left heart flow, but they were 
also of the same magnitude as described in our model. 
Although the respiratory effort was not quantitated, the 
discrepancy in variation in right and left heart flow would 
support our findings of differential effects of intrapleural 
pressure on intracardiac flow velocities. A wide spectrum of 
inspiratory variation in ventricular ejection in patients with 
pericardial effusion without hemodynamic compromise has 
been noted with systolic time interval, two-dimensional 
echocardiography and Doppler techniques (II ,15-17). These 
data support our observation that the degree of inspiratory 
variation is a continuum and is related to the intrapericardial 
pressure. Unfortunately, clinical studies are limited by pa-
tient selection and condition because most patients are first 
identified and studied during cardiac tamponade and serial 
examinations at different levels of pericardial pressure have 
not been reported. 
Advantages of this experimental model. One merit of our 
model and experimental design is that they permit controlled 
increases in pericardial pressure and thus allowed us to 
demonstrate a continuum in the increase in respiratory 
variation in blood flow velocity with graduated changes of 
intrapericardial pressure. The role of intrapleural pressure in 
cardiac tamponade can also be investigated by this model 
because the chest remains closed and normal respiration is 
unimpeded. 
Respiratory variations in intracardiac flow. The 5% in-
spiratory decrease in aortic velocity observed at baseline 
study is comparable with the 7% inspiratory variation in left 
ventricular stroke volume initially quantitated in normal 
patients by Ruskin et al. (18). Such concordance supports 
our model as a valid method to study intracardiac flow 
variations. The exact mechanisms for these respiratory 
variations are unknown; however, they can be explained by 
the effect of the increased negative intrapleural pressure of 
inspiration, resulting in increased right ventricular filling due 
to increased systemic venous return (19) and decreased left 
ventricular filling due to pooling of blood in the pulmonary 
veins (18). 
As pericardial pressure was increased in stages, increases 
in the inspiratory augmentation of the pulmonary peak 
velocity and inspiratory blunting of the aortic peak velocity 
were observed. The respiratory variations in cardiac dimen-
sions, blood pressure and blood flow associated with cardiac 
tamponade have received extensive study and numerous 
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Aortic 
o 
z = -2.0x + 0.0 Y - 13.1 
r = 0.78 
Figure 5. Plot of aortic inspiratory vanatlon as a 
function of pericardial pressure and respiratory effort. 
Aortic inspiratory variation (IV) is displayed on the z 
axis, respiratory effort (Resp. Effort) on the y axis and 
pericardial pressure on the x axis. The regression 
plane and the distance of each point from the regres-
sion plane are displayed in addition to the individual 
points. Note that while the regression plane decreases 
along the x axis, it remains parallel to the y axis, 
confirming that the absolute pericardial pressure had a 
significant influence on aortic inspiratory variation. 
whereas respiratory effort did not independently influ-
ence this variable. 
P < 10-6 
explanations have been advanced (20-23). Although the 
purpose of our study was not to investigate the etiology of 
the pulsus paradoxus, our results support previous observa-
tions that during acute tamponade, alterations in blood flow 
from the right and left heart chambers occur at similar points 
in the respiratory cycle. This observation supports the 
hypothesis that the increase in venous return to the right 
ventricle during inspiration occurs at the expense of left 
ventricular filling because pericardial effusion acts to mini-
mize changes in the maximal total diastolic ventricular 
volume due to increased pericardial pressure (22). In this 
state, there will be impingement on left ventricular filling as 
right ventricular volume is increased during inspiration. The 
inspiratory increase in right ventricular volume translates 
into an increase in right ventricular stroke volume and peak 
velocity compared with that during apnea, with a concomi-
tant decrease in left ventricular stroke volume and peak 
Pulmonary 
.. 
.. ~-t:;. ,.,c. '::! 
~~~e~ 
~~ ~":."'-....... c."....,; 
velocity. Our results also demonstrate that even as arterial 
pressure falls and the pulsus paradoxus decreases, inspira-
tory changes in the Doppler peak velocities continue to 
increase. Thus, the Doppler inspiratory variation remains a 
sensitive indicator of elevated pericardial pressure regard-
less of hemodynamic state. 
In the situation just described, a reversal in the ventric-
ular interaction will occur during expiration because the 
output of the two ventricles must be equal when examined 
over time. Thus, the inspiratory differences between pulmo-
nary and aortic flow velocities reported in this study reflect 
only a portion of the total potential respiratory variation. 
Mechanism of differential influence of intrapleural pressure 
on systemic and pulmonary flow. Our results suggest that the 
previously described differences in filling of the right and left 
heart chambers (10) can also be recorded as differences in 
right and left heart systolic ejection velocities and that these 
Figure 6. Graph of pulmonary inspiratory variation as 
a function of pericardial pressure and respiratory 
effort. Pulmonary inspiratory variation (IV) is dis-
played on the z axis, respiratory effort (Resp. Effort) 
on the y axis and pericardial pressure on the x axis. 
The regression plane and the distance of each point 
from the regression plane are displayed in addition to 
the individual points. The regression plane increases 
significantly along both the x and y axes, confirming 
that both pericardial pressure and respiratory effort 
have an independent influence on the degree of Dopp-
ler-detected pulmonary inspiratory variation. 
Z = 3.8x + 2.6y + 10.9 
r = 0.88 
p < 10-8 
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differences are at least in part due to the effects of intrapleu-
ral pressure. When examined closely, the phasic difference 
in semilunar valve flow velocity was related to the stronger 
influence of the intrapleural pressure on right compared with 
left heart flow velocity. Although this study did not examine 
the mechanism responsible for this differential influence of 
intrapleural pressure, potential explanations include 1) a 
difference in the influence of intrapleural pressure on the 
systemic and pulmonary veins, leading to phasic differences 
in the filling of the two ventricles (24); 2) a greater effect of 
increasing negative intrapleural pressure on pulmonary com-
pared with systemic vascular resistance, leading to phasic 
differences in great vessel flow; and 3) a combination of 
changes in right and left heart preload and afterload. 
Clinical implications. Our observations suggest a use for 
Doppler recording of trans valvular flow in the noninvasive 
assessment of pericardial effusion. Because a direct relation 
exists between pericardial pressure and Doppler-detected 
inspiratory variation in semilunar valve flow velocity, com-
parisons of inspiratory variation from serial recordings in a 
single patient would allow determination of whether the 
influence of pericardial pressure is decreasing, remaining 
stable or increasing toward cardiac tamponade. This is 
especially valuable in the absence of a significant pulsus 
paradoxus. The data, however, do not allow one to infer the 
actual intrapericardial pressure. 
We focused on aortic and pulmonary valve flow velocities 
because these velocities could be accurately and reproduc-
ibly measured at each stage of the experiment. Changes in 
tricuspid and mitral valve flow velocities were noted and 
mirrored those across the pulmonary and aortic valves, 
respectively. However, the tricuspid and mitral valve flow 
velocities were more difficult to consistently record, partic-
ularly at pericardial pressures >5 mm Hg as a result of: 
1) the merging of E and A waves during tachycardia, and 
2) difficulty in aligning the interrogating ultrasound beam 
parallel with tricuspid valve flow as the right heart chambers 
decreased markedly in size during tamponade. In contrast, 
throughout the experiment, for the aortic and pulmonary 
valves, the direction of flow could be aligned roughly parallel 
to the direction of the interrogating Doppler beam. Because 
the acute increases in pericardial pressure occurred with 
relatively small volumes of fluid (approximately 150 ml), 
there was little independent movement of the heart. Thus, 
alterations in the Doppler profiles of semilunar valve flow 
due to cardiac motion were rare. 
Limitations. An issue not addressed by our study is the 
specificity of this noninvasive relation between pericardial 
pressure and peak velocity. This experiment only studied 
inspiratory variation due to increased pericardial pressure. 
The potential Doppler variation in flow velocity in other 
states was not characterized. Our observation of the effects 
of respiratory effort on Doppler flow velocity can explain the 
origin of the changes in intracardiac flow recorded by 
Doppler ultrasound in various pulmonary diseases. Because 
the respiratory variations in atrioventricular valve flow 
noted clinically with obstructive lung disease occur later in 
the respiratory cycle compared with those observed with 
cardiac tamponade (25), it follows that similar differences in 
the timing of semilunar valve inspiratory variation should be 
observed. 
Conclusions. In this canine model of acute cardiac tam-
ponade, a quantitative relation was demonstrated between 
the absolute increase in intrapericardial pressure and the 
percent inspiratory variation in peak aortic flow velocity 
detected by pulsed Doppler ultrasound. A similar but more 
complex relation is observed for right heart flow velocities, 
with respiratory effort appearing as a contributor to the 
inspiratory variation in pulmonary flow velocity. The results 
from this model cannot be directly extrapolated to the 
subacute and chronic elevations in pericardial pressure 
usually encountered clinically. They do, however, support a 
clinically useful role for the serial assessment of flow by 
Doppler ultrasound to quantitate and monitor changes in 
intrapericardial pressure and suggest that the continuum of 
change in intracardiac flow can be detected. 
Addendum 
Since submission of this manuscript, Gonzalez et al. (26) 
have quantitated by Doppler echocardiography the respira-
tory variations in diastolic trans mitral velocity during exper-
imental tamponade. As in our study, increased respiratory 
variation was observed with modest elevations of pericardial 
pressure preceding cardiac tamponade. In contrast to our 
results, which show a direct relation between pericardial 
pressure and the degree of semilunar valve inspiratory 
variation in flow velocity, they did not observe such a 
continuum in the respiratory variation of mitral peak E wave 
velocity. This apparent discrepancy in results may be ex-
plained by the fact that the percent change in peak velocity 
was measured in our study while only the absolute change 
was measured by Gonzalez et al. (26). Percent change rather 
than absolute change in velocity was quantitated in our study 
in order to normalize for the changes that occurred in the 
stroke volume as the pericardial pressure was increased. 
Assessing variation in trans mitral velocity has an additional 
complexity in that the relative contributions of passive and 
active filling must be quantified. Assessing the systolic flow 
variations, as done in our study, circumvents this added 
complexity. 
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